ABSTRACT
INTRODUCTION
It is well known that the usage of synonymous codons is biased in the modern organisms (Grantham et al., 1980) . In terms of usage, the sense codons are classified as preferential and rare (Sharp and Li, 1987) . According to some authors the rare codons deteriorate translation only if they are organized in clusters (Robinson et al., 1984) . This effect is explained by the decrease in concentration of the cognate rare tRNAs due to the simultaneous occupation * To whom correspondence should be addressed.
of both A and P ribosomal sites by two identical tRNA molecules (Varenne et al., 1984) . Experimental prove of this hypothesis, however, led to controversial results. Varrene and Lazdunski (Varenne et al., 1989) have observed a 3 fold decrease in the expression of chloramphenicol acetyltransferase (CAT) gene when clusters of rare Arg codons (AGG) were inserted immediately after the initiation AUG codon. Ivanov et al. (1997) , however, did not find any improvement in expression of the human IFN-α1 gene in E.coli after substitution of preferential Arg codons for the two tandems of rare AGG codons.
We assume that the effect of synonymous codons on translation will be better understood if they are considered in pairs. Peptide bond formation requires simultaneous accommodation of two codons and therefore of two tRNAs in the A and P ribosomal sites (Nierhaus et al., 1998) and for spatial (steric) reasons one can assume that not all combinations of codons and tRNAs respectively are equally compatible on the ribosome surface (Smith and Yarus, 1989) . This means that some codon pairs (respectively combinations of tRNAs) would have advantage in terms of translation efficiency and this could be the driving force for the evolution of codon usage. If so, it could be expected that the observed frequency of occurrence of a codon pair would deviate from its statistically predicted mean value. In an early study based on the analysis of 237 E.coli protein coding genes (Gutman and Hatfield, 1989) showed that some codon pairs were overrepresented and others were underrepresented in comparison with the theoretically predicted means. Here, we present data on the distribution of all possible codon pairs in the entire E.coli genome.
METHODS

Databases
The following databases were used in this study:
(1) A set of 4289 predicted ORFs and a subset of http://www.genome.ad.jp/dbget-bin/get htext?E.coli). Two functional classes of genes, 334 highly expressed and 303 poorly expressed genes were selected for analysis in more details. The highly expressed genes were attributed to the genes coding for ribosomal proteins, transcription/translation processing factors and membrane proteins. Besides these gene categories, whose high level of expression was experimentally proven we have considered as highly expressed also some genes of proteins involved in the energy metabolism, as well as related with the amino acid, nucleotide and fatty acid metabolism. This database was obtained from http://gnomic.stanford.edu/pub/highlyexpressed/ (Karlin and Mrazek, 2000) . The poorly expressed genes were chosen among those coding for regulatory proteins (303). The low level of expression for most of them (238) was experimentally proven and 65 were putative (known by homology). This database was obtained from http://genprotec.mbl.edu/. (2) The tRNA-codon recognition pattern database was obtained from Dong et al. (1996) , where each of the 46 E.coli tRNAs was assigned a numeric identifier corresponding to its electrophoretic mobility.
Computation
The full set of 4289 ORFs and separately the subset of 2656 experimentally proven protein coding sequences were analyzed by our own computer program written in Perl (http://www.bio21.bas.bg/codonpairs/). This programme divides the string of codon pairs into two frames, thus mimicking simultaneous codon-anticodon interactions of two adjacent tRNAs on the elongating ribosome. The row of codon pairs for each coding sequence begins with an initiator codon (A 1 ) and the second codon (A 2 ), continues with the second and the third (A 2 , A 3 ), the third and the fourth (A 3 , A 4 ), etc. and finishes with the combination A n : A STOP (where n is the last codon of the coding sequence, preceding the termination codon; see Fig. 1 ).
The total number of codon pairs is 3904 of which 3721 (61 2 ) are combinations of sense codons (sense:sense pairs) and 183 (61 × 3) are combinations of sense and stop codons (sense:stop pairs). For each codon pair, our programme estimates the following parameters:
Observed Number of Occurrence (N OBS
. This is the real number of occurrence of an individual codon pair (N OBS ) in a protein coding sequence. The full set of 4289 ORFs in the E.coli genome contains 1 358 854 codon pairs and the subset of 2656 protein-coding sequences includes 906 166 codon pairs respectively.
Expected Number of Occurrence (N EXP )
The expected number of occurrence (N EXP ) for the pairs located inside the gene (sense:sense codon pairs) and for the 3 terminal pairs (sense:stop codon pairs) is calculated in different manners. When a codon pair A x : A x+1 , (where x = 1, 2, 3, . . . , n) is located inside the gene, the expected number of occurrence is
where N TOT is the total number of codon pairs and P A x and P A x+1 are the probabilities of occurrence of the two individual codons A x and A x+1 at any position. The P A x and P A x+1 are defined as
where N codons is the total number of codons and N OBS (A x ) and N OBS (A x+1 ) are the observed numbers of occurrence of the individual codons A x and A x+1 . For the 3 terminal codon pairs the first codon A x is the penultimate codon (A n ) and the second codon (A x+1 ) is a stop codon (A STOP ). The expected number of occurrence in this case is
where P A n and P A STOP are the probabilities of occurrence of the penultimate and stop codons, respectively. The P A n and P A STOP are defined as
where N OBS (A n) and N OBS (A STOP ) are the observed numbers of occurrence for A n and A STOP in the total number of 4289 genes.
Expected Random Deviation (D EXP ).
The expected random deviation (D EXP ) for the internal codon pairs is
The expected random deviation (D EXP ) for the 3 end terminal codon pairs is
Normalized offset value (r ).
To measure the difference between the observed and randomly expected values, a normalized offset value was defined as r for the internal and r 1 for the 3 end terminal pairs
and
Compared to the chi-square variable taking only positive values, the normalized offset value r depends on the deviation of the observed versus expected frequency of occurrence, i.e. when N OBS > N EXP , r is positive and conversely, when N OBS < N EXP , r is negative.
Normalized offset values were measured also for the subsets of low and highly expressed genes and they were denoted as r low and r high .
5. REG value. The REG value is defined as a difference between the r high and r low for each codon pair
The REG is significant when the sign of r high is opposite to that of r low and their absolute values are greater than two. This means that if the observed frequency of occurrence of a codon pair is higher than randomly expected in highly expressed genes (r high > +2) and lower in poorly expressed genes (r low < −2), then REG will take positive sign and a value greater than four. In contrast, if a codon pair occurs more frequently than randomly expected in poorly expressed genes (r low > +2) and less frequently in the subset of highly expressed genes (r high > −2), then the sign of REG will be negative and its absolute value will be greater than four.
6. The r aa value. When an amino acid at the ultimate position occurs randomly, the sums of expected and observed values of occurrence of the corresponding synonymous codons in combination with a stop codon will be equal. To eliminate the influence of the amino acid bias at the ultimate position, the expected number of occurrence for each synonymous sense codon in combination with a stop codon was multiplied by the coefficient k:
where j is the number of combinations between synonymous sense:stop codon pairs. The parameter r aa is defined as 
RESULTS
Frequency of occurrence of codon pairs in the genome of E.coli
The total number of all possible combinations of codons in pairs is 64 2 = 4096. In our analysis we have subtracted from this number the stop:stop and stop:sense combinations (i.e. 192 pairs) and therefore have considered 3904 codon pairs (3721 sense:sense and 183 sense:stop codon combinations).
Frequency of occurrence of sense:sense codon pairs.
The frequency of occurrence of the internal (sense:sense) codon pairs was determined on the basis of the full set of 4289 ORFs and they were sorted into several groups depending on their frequency of occurrence: 1-50, 50-100, 100-150, 150-200, and etc. times in the entire E.coli genome. The size of these groups (as percentage of the total 3721 pairs) versus the frequency of occurrence is presented in Figure 2 . As seen from the figure, 11% of all combinations appear less than 50 times and about 1% appears more than 1000 times in the E.coli genome. Figure 3 shows that the observed number of occurrence of the pairs belonging to the first group is usually lower than the expected one, whereas for the second (high-frequency) group N OBS N EXP . Some codon pairs showing extremely high deviation of N OBS (in comparison with N EXP ) are presented in Figure 3 . As seen from the figure the most frequently used codon pair CUG:GCG (appearing 4913 times in the E.coli genome) is composed of two preferential individual codons, representing 5.2 and 3.3% respectively of the total number of all E.coli codons. This pair plus the ACG:CUG are the most overrepresented codon pairs in the E.coli genome (r = +51.3 and +54.6 respectively). The codon pair GGC:GCC, on the other hand, is used 34 times and is the most underrepresented codon pair in the E.coli genome (r = −30.9). Nevertheless, the frequency of occurrence of the two individual codons GGC and GCC is also high (3 and 2.5% respectively). A detailed list of the frequency of occurrence of all codon pairs in the E.coli genome is available at http://www.bio21.bas.bg/codonpairs/. Analyzing the subset of 2656 protein coding genes we found two missing sense:sense codon pairs, CCU:AGG and ACU:AGA (see Table 1 ), both consisting of rare codons (CCU : 0.7%; AGG : 0.16%; ACU : 0.9%; and AGA : 0.3%).
Frequency of occurrence of sense:stop codon pairs.
The full set of 4289 ORFs was analyzed also for occur- rence and distribution of the 183 sense:stop codon pairs. Thus 19 missing pairs were identified of which 14 were missing also from the smaller subset of 2656 protein coding genes (see Table 1) . Surprisingly, the type of stop codon in the missing pairs was biased. As shown in the table, except for one pair only (ACU:UGA), where the stop codon was UGA, the stop codon in the rest of the missing pairs was UAG. Our analysis revealed also that the sense codons in the missing pairs were rare codons mainly, although two of them, ACC and GGC were quite a bit frequent (2.3 and 3.0% of the total number of all E.coli codons). Considering the sense:stop codon combinations as a special case, we have evaluated their randomly expected occurrence by introducing the r 1 index (see Methods). By definition r 1 is positive for the overrepresented and negative for the underrepresented codon pairs. The variations in sign and value of r 1 are well illustrated by the sense:stop codon combinations in Table 2 . As seen in the table the r 1 value depends on the type of stop codon in the sense:stop codon pair. Whereas the highly overrepresented codon pairs contain UGA, the highly underrepresented contain UAA (underlined in the table). For example, when the Ala codon GCC is combined with UAA, the r 1 value is negative and if it is combined with UGA, the r 1 value is positive.
To eliminate the contribution of the C-terminal amino acid bias, we have introduced the r aa index (see Methods The underlined codon pairs are the most over-and under-represented sense:stop pairs in the E.coli genome. for definition). Table 2 shows that there is no significant difference in both sign and absolute value between r 1 and r aa .
To classify the C-terminal amino acids, we have applied the sum of normalized offset r -values for either overor under-represented synonymous codons placed before the stop codon. As seen in the table, all Lys and Arg codons in combination with the three stop codons are overrepresented whereas the Thr codons remain always underrepresented. (The only exception is the combination CGU:UGA coding for Arg:Stop.)
Criteria for prediction of modulating effect of codon pairs on translation.
To investigate the hypothetical relationship between codon pair usage and gene expression, we have analyzed two classes of genes-highly expressed and poorly expressed (numbering 334 and 303 genes respectively). To this end we have introduced the quantity REG (see Methods). As shown in Figure 4 , the pairs with negative REG value are used nearly twice more frequently in the poorly expressed genes as compared with the highly expressed genes. It is evident from this data that the genes expressed at low levels tend to favor codon combinations with negative REG values, whereas the codon pairs with positive REG values are typical for the highly expressed genes. This observation suggests that the codon pair usage might be related with the modulation of translation. Thus, the codon pairs with negative REG values are expected to have attenuating effect ('hypothetically attenuating' codon pairs or HAP) and conversely, those with positive REG values should have enhancing effect on translation ('hypothetical non-attenuating' codon pairs or HNAP) (see Table 4 ). Furthermore, one can speculate that the clusters of codon pairs with negative REG values might cause ribosome pausing which is necessary for the proper protein folding.
Our analysis showed that the hypothetical translation efficiency of a codon pair ('attenuating' or 'nonattenuating') does not necessarily correlate with the frequency of occurrence of the composing individual codon. For instance, the HAP CUG:GAG (Leu:Glu) is composed of two frequently used codons of which CUG represents 5.3% of all E.coli codons. As shown in Table 4 , most of the HAPs codon pairs contain at least one preferential codon.
To examine the relationship between codon pair usage and concentration of cognate tRNAs, we have used the tRNA-codon recognition pattern obtained from the database of Dong et al. (1996) . This analysis shows that (i): the hypothetical translation efficiency of a codon pair does not always correlate with the concentration of the cognate tRNAs. For instance, the HAPs GCU:GGU (Ala:Gly) and GGU:GUA (Gly:Val) are recognized by the following abundant tRNAs: tRNA Ala 1B (5.04% of the total tRNA pool), tRNA Gly 3 (6.76 %) and tRNA V al 1 (5.96%) (see Table 4 ). Our data shows that about one half of all 94 HAPs are recognized by abundant tRNAs. (ii) Sometimes HAPs and HNAPs are composed of the same individual codons which, however, are ordered inversely in the two categories of codon pairs (Table 5 ). For example, the codon pair ACC:CAC is identified as HAP, whereas the inverse pair CAC:ACC is HNAP. The fact that the individual codons are recognized by the same tRNAs in both pairs means that the efficiency (may be the rate) of translation depends not only on the species and concentration of tRNA but also on the way of order of the two tRNAs on the ribosome.
DISCUSSION
The relationship between translation efficiency and codon pair bias is first investigated by Gutman and Hatfield (1989) on the bases of 237 sequenced E.coli genes. According to this study the highly expressed genes are enriched with underrepresented and the poorly expressed genes are rich in overrepresented codon pairs. Because of this, the authors have assumed that the overrepresented codon pairs are translated slower in comparison with the underrepresented pairs. Our statistical analysis shows, however, that the poorly expressed genes are enriched with codon pairs, which are overrepresented in the poorly expressed genes and in the same time are underrepresented in the highly expressed genes. Consequently, these codon pairs, denoted as 'hypothetically attenuating', might be translated slower than the overrepresented in the highly expressed genes (designated as 'hypothetical nonatenuating'), which are at the same time underrepresented in the poorly expressed genes. It is shown in an E.coli assay system (Irwin et al., 1995) that the overrepresented codon pair ACG:CUG (ThrLeu) inhibits translation compared to the synonymous underrepresented codon pair ACC:CUG, coding for the same dipeptide. Although this effect is predicted by the above mentioned statistical analyses (Gutman and Hatfield, 1989) it has not been confirmed in a T7 assay system (Cheng and Goldman, 2001 ). According to the data presented here, the ACC:CUG pair is underrepresented in both highly and poorly expressed genes (r low = −3.2 and r high = −4.1) and the synonymous ACG:CUG codon pair is overrepresented in both groups of genes (r low = +8.3 and r high = +9.1). By definition REG is close to zero for both codon pairs and therefore, there is no reason to expect a significant difference in their translation efficiency.
Another interesting example is related with the two codon pairs AAG:UUA and UUA:AAG, which (according to our criterion) are HNAP and HAP respectively (see Table 5 ). Both codon pairs are composed of the same Arg and Leu codons and therefore should be decoded by the same tRNAs. The only difference is that the two tRNAs have to be situated in a reverse order in the A and P sites during translation. This result makes it reasonable to assume that the specific structure of the individual tRNAs in combination with the specific architecture of the decoding center could play the role of a driving force in the evolution of the codon usage in E.coli.
The sense:stop codon pair bias could be related with the following molecular interactions occurring during the translation termination step: tRNA:RF (RF means release factor), mRNA:rRNA and tRNA:tRNA. If one of them is not optimal, a frameshifting or nonsense codon translation could happen (Stormo et al., 1986; Poole et al., 1995) . On the other hand the efficiency of translation termination depends on: (i) the nature of nucleotide following stop codon (also called extended stop codon) (Poole et al., 1995) ; (ii) the type of stop codon and (iii) the nature of the penultimate sense codon. We are tempted to speculate that a correlation does exist between the sense:stop codon frequency of occurrence and their translation termination efficiency.
Considering the amino acid bias, we have found that the Arg codons are highly biased at the penultimate position and might express positive effect on the translation termination efficiency (Table 3 ). This conclusion is supported by the study of Gursky and Beabealashvilli (1994) showing that the introduction of rare Arg codons in front of the stop codon has a favorable effect on gene expression.
As mentioned above, our results show also that the most highly overrepresented sense:stop codon pairs contain UGA, whereas the combinations between the same sense codons with UAA are highly underrepresented (Table 2) . This fact might be explained by the nature of the release factors participating in the translation termination step. Thus, one can speculate that the combination sense:UGA favors the interaction of RF2 with UGA and might have positive effect on the translation termination efficiency. This speculation, however, needs experimental prove and this will be done in a forthcoming study. 
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